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P a r t  o f  the  U n i v e r s i t y  o f  Wisconsin s tudy o f  t h e  f e a s i b i l i t y  o f  r e c o v e r i n g  
He-3 from t h e  moon i s  s e l e c t i o n  and e v a l u a t i o n  o f  p o t e n t i a l  m i n i n g  s i t e s .  
S e l e c t i o n  and e v a l u a t i o n  a r e  based p r i m a r i l y  on f o u r  s a l i e n t  f i n d i n g s  by t h e  
numerous i n v e s t i g a t o r s  o f  l u n a r  samples: 
1 .  R e g o l i t h s  from areas u n d e r l a i n  by h i g h l a n d  m a t e r i a l s  c o n t a i n  l e s s  than  
20 wppm He. 
2 .  R e g o l i t h s  o f  c e r t a i n  m a r i a  or p a r t s  o f  m a r i a  a l s o  c o n t a i n  l e s s  than  
20 wppm He, b u t  mare r e g o l i t h s  a t  t h e  A p o l l o  1 1  and A p o l l o  17 s i t e s  
c o n t a i n  25 t o  49 wppm He. 
3. The he l i um c o n t e n t  o f  a r e g o l i t h  i s  a f u n c t i o n  o f  i t s  compos i t i on .  
R e g o l i t h s  w i t h  h i g h  He c o n t e n t  a re  h i g h  i n  t i t a n i u m  c o n t e n t .  
4 .  Hel ium i s  c o n c e n t r a t e d  i n  t h e  -50 m ic ron  s i z e  f r a c t i o n s  o f  r e g o l i t h s .  
The f i r s t  t h r e e  f i n d i n g s  a r e  i l l u s t r a t e d  i n  F i g u r e  1 ,  i n  which h e l i u m  con- 
t e n t  i s  p l o t t e d  a g a i n s t  T i 0 2  c o n t e n t  f o r  samples o f  h i g h l a n d  and mare rego- 
l i t h s .  
however, f a l l  i n t o  two groups, one low in He and T i 0 2 ,  t h e  o t h e r  markedly  
h i g h e r  i n  bo th .  
end o f  t h e  range, b u t  a broad c o r r e l a t i o n  of He c o n t e n t  w i t h  T i 0 2  c o n t e n t  i s  
e v i d e n t ,  and i t  seems c l e a r  t h a t  t h e  T i02  c o n t e n t  o f  r e g o l i t h  can be used as a 
h e l i u m  o r  more. 
Note t h a t  h i g h l a n d  samples a r e  low i n  b o t h  He and T i02.  Mare samples, 
There i s  s c a t t e r i n g  o f  p o i n t s ,  p a r t i c u l a r l y  a t  t h e  h igh -T i02  
I genera l  gu ide  i n  t h e  s e l e c t i o n  o f  areas where t h e  r e g o l i t h  c o n t a i n s  20 wppm o f  
I n  s i t e  s e l e c t i o n  we a r e  t h e r e f o r e  concerned w i t h  t h e  compos i t i ons  o f  
I t  i s  w i d e l y  l u n a r  r e g o l i t h s ,  i n  p a r t i c u l a r  w i t h  t h e i r  t i t a n i u m  c o n t e n t s .  
accepted t h a t  composi t ions o f  mare r e g o l i t h s  a r e  c o n t r o l l e d  by t h e  n a t u r e  o f  
t h e  u n d e r l y i n g  b a s a l t s  from which t h e  r e g o l i t h s  a r e  l a r g e l y  d e r i v e d .  
o f  types o f  b a s a l t s ,  d i f f e r i n g  i n  m i n e r a l  and chemical  composi t ion,  have been 
recogn ized  by  l u n a r  i n v e s t i g a t o r s .  I n  t e r m s  o f  t i t a n i u m  c o n t e n t ,  however, t h e y  
f a l l  i n t o  t h r e e  genera l  groups ( 1 ) :  
A number 
1 .  Very h igh-Ti  b a s a l t s ,  c o n t a i n i n g  8% t o  14% T i02 .  These were sampled 
by t h e  A p o l l o  1 1  and 17 m i s s i o n s .  
2.  Low-Ti b a s a l t s ,  c o n t a i n i n g  1.5% to 5% T i02 .  Such b a s a l t s  were sampled 
by t h e  A p o l l o  1 2 ,  A p o l l o  15 ,  Luna 16, and Luna 24 m iss ions .  
3.  Very low-Ti b a s a l t s ,  c o n t a i n i n g  l e s s  than  1.5% 
e red  by t h e  Luna 24 and A p o l l o  17 m i s s i o n s .  
i 0 2 .  They were recov-  
The d i s t r i b u t i o n  and e x t e n t  o f  the  t h r e e  groups o f  b a s a l t s  and t h e  rego- 
I l i t h s  d e r i v e d  from them a r e  t h e  f i r s t  b a s i s  for s i t e  s e  e c t i o n  and e v a l u a t i o n .  
Since sampl ing i s  t hus  f a r  c o n f i n e d  t o  v e r y  smal l  areas o f  a f e w  o f  a mar ia ,  
i n f o r m a t i o n  on d i s t r i b u t i o n  and e x t e n t  i s  mostly from remote sensing o f  two 
genera l  types - gamma-ray spect roscopy done by t h e  A p o l l o  15 and 16 o r b i t e r ;  
and earth-based t e l e s c o p i c  measurements o f  l u n a r  r e f l e c t a n c e .  The r e s u l t s  o f  
b o t h  types o f  measurements have been c a l i b r a t e d ,  so f a r  as p o s s i b l e ,  a g a i n s t  
l u n a r  samples o f  known t i t a n i u m  c o n t e n t .  
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F i g u r e  2 shows t h e  r e s u l t s  of gamma-ray spect roscopy as i n t e r p r e t e d  by 
Metzger (33 ) .  Coverage by t h e  two o r b i t e r s  was l i m i t e d  t o  two bands l y i n g  
between 30 degrees N .  and 15 degrees S. Two p r i n c i p a l  areas o f  h igh -T I  rego- 
l i t h  a re  i n d i c a t e d ,  one t h e  area o f  Mare T r a n q u i l l i t a t i s  w i t h  i t s  e x t e n s i o n  
nor thward i n t o  t h e  T a u r u s - L i t t r o w  r e g i o n  o f  A p o l l o  17, t h e  o t h e r  a p a r t  o f  
Oceanus Procel larum. O the r  i n t e r p r e t a t i o n s  o f  t h e  gamma-ray d a t a  d i f f e r  some- 
what from t h e  one shown here,  b u t  t h e  broad p i c t u r e  remains t h e  same. 
There a r e  v a r i o u s  maps showing t h e  d l s t r i b u t l o n  o f  h i g h ,  low, and 
in te rmed ia te -T i  b a s a l t i c  r e g o l i t h s  as i n t e r p r e t e d  from earth-based t e l e s c o p i c  
obse rva t i ons  o f  r e f l e c t a n c e  a t  v a r i o u s  wavelengths and combinat ions o f  wave- 
l e n g t h s  r a n g i n g  from t h e  u l t r a v i o l e t  to t h e  n e a r - i n f r a r e d .  F i g u r e  3 was p re -  
pared from superposed u l t r a v i o l e t  nega t i ves  and i n f r a r e d  p o s i t i v e s .  I t  shows 
color groups o f  b a s a l t i c  r e g o l i t h s ,  w i t h  T i02  va lues though t  t o  be rep resen ted  
by t h e  groups. High-Ti  areas a r e  shown i n  s o l i d  b l a c k .  Mare T r a n q u i l l i t a t i s  
a g a i n  appears as h igh -T i  a rea  e x t e n d i n g  i n t o  t h e  T a u r u s - L i t t r o w  r e g i o n .  The 
map a l s o  i n d i c a t e s  l a r g e  areas o f  h igh -T i  r e g o l i t h  i n  t h e  western Hemisphere, 
e s p e c i a l l y  i n  Imbrium and Proce l l a rum,  b u t  none o f  them has been sampled. 
Q u a n t i t a t i v e  s p e c t r a l  r a t l o  mapping has been used by s o m e , i n v e s t l g a t o r s  
( 2 ,  21, 24,  25, 28, 32 ) .  Compared t o  gamma-ray spect roscopy,  s p e c t r a l  r a t i o  
mapping has t h e  advantages o f  broader  coverage o f  t h e  l u n a r  n e a r s i d e  and h igh -  
e r  r e s o l u t i o n .  R e s o l u t i o n  i s  i m p o r t a n t  i n  s i t e  s e l e c t i o n .  On t h e  b a s i s  o f  
p r e s e n t  i n f o r m a t i o n ,  Mare T r a n q u i l l i t a t i s  i s  of pr ime i n t e r e s t  as a p o t e n t i a l  
source o f  he l i um.  However, a map by Johnson e t  a l .  (32 ) ,  produced by imaging 
measurements o f  t h e  0.38 uml0.56 um s p e c t r a l  r a t i o ,  i n d i c a t e s  t h a t  t h e  T i02  
c o n t e n t  o f  r e g o l i t h  i n  Mare T r a n q u i l l i t a t i s  v a r i e s  from p a r t  to p a r t  o f  t h e  
mare. F i g u r e  4 shows a r e g i o n  o f  h igh-Ti  r e g o l i t h  s e p a r a t i n g  two r e g i o n s  o f  
lower-Ti r e g o l i t h .  We have no hard d a t a  f o r  t h e  T i02  c o n t e n t  o f  t h e  l a t t e r  ' 
two r e g i o n s ,  b u t  o b v i o u s l y  t h e y  must be ass igned a low p r i o r i t y  i n  s e l e c t i o n  
o f  s i t e s  for m in ing .  
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d 
The s c e n a r i o  e n v i s i o n e d  by t h e  Wisconsin group c a l l s  f o r  r e c o v e r y  o f  
44 m e t r i c  t ons  o f  He-3 between 2015 and 2050. 
e p t h  o f  3 m, and an average He c o n t e n t  o f  30 wppm i n  r e g o l i t h ,  t hen  i n  
If we assume an average m i n i n g  
F i g u r e  5 L i n e  A shows t h e  areas t h a t  would c o n t a i n  t h e  h e l i u m  r e q u i r e d  d u r i n g  
success ive 5-year p e r i o d s  th rough  2050, and t h e  t o t a l  o f  those areas.  T o t a l  
r e c o v e r y  b e i n g  imposs ib le ,  l i n e  6 shows t h e  areas t h a t  would be i n v o l v e d  i f  
recove ry  were 80 p e r c e n t .  L i n e  C shows t h e  areas t h a t  would have t o  be mined 
i f  r e c o v e r y  were 60 p e r c e n t ,  p r o b a b l y  a more r e a l i s t i c  f i g u r e .  The diagram 
shows t h a t  m i n i n g  areas o f  thousands o f  square k i l o m e t e r s  must be d e l i n e a t e d  
i f  t h e  requi rements o f  t h e  s c e n a r i o  a r e  t o  be met. 
4 s  i n d i c a t e d  e a r l i e r ,  v a r i o u s  i n v e s t i g a t o r s  have demonstrated t h a t  h e l i u m  
i s  concen t ra ted  i n  the  f i n e r  s i z e  f r a c t i o n s  of r e g o l i t h s .  For  t h e  r e g o l i t h  
sampled by A p o l l o  11, t h i s  r e l a t i o n  i s  shown i n  F i g u r e  6. O f  t h e  t o t a l  h e l i u m  
i n  t h e  r e g o l i t h ,  72.5 p e r c e n t  i s  i n  t h e  -40 um f r a c t i o n s ,  80 p e r c e n t  i n  t h e  
-60 um f r a c t i o n s .  For r e c o v e r y  o f  he l ium,  t h e r e f o r e .  we have no i n t e r e s t  i n  
the  coarse m a t e r i a l s  o f  r e g o l i t h s .  Th is ,  and c o n s i d e r a t i o n s  o f  ease o f  m in ing ,  
means t h a t  m i n i n g  areas shou ld  be as f r e e  as p o s s i b l e  o f  b l o c k s  o f  r o c k  and 
s i z e a b l e  c r a t e r s .  I n f o r m a t i o n  on such f e a t u r e s  must be o b t a i n e d  f r o m  l u n a r  
photographs, from pho togeo log ic  maps, and from r a d a r  surveys t h a t  i n d i c a t e  
roughness o f  t h e  s u r f a c e  a t  v a r i o u s  sca les  ( 2 ,  21, 31).  Pho togeo log ic  maps 
can a l s o  shed l i g h t  on v a r i a t i o n s  i n  t h e  compos i t i on  o f  mare r e g o l i t h s  and can 
h e l p  i n  d e l i n e a t i n g  areas t h a t  should be sampled. 
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I The p r e s e n t  s tudy  i s  n e c e s s a r i l y  a p r e l i m i n a r y  one. Data a v a i l a b l e  have 
s i g n i f i c a n t  l i m i t a t i o n s .  O n l y  v e r y  s m a l l  f r a c t i o n s  o f  a few o f  t h e  m a r i a  have 
been sampled. No a r e a  has been s y s t e m a t i c a l l y  sampled. I n f o r m a t i o n  on d e p t h  
o f  r e g o l i t h  i s  l i m i t e d .  Remote s e n s i n g  maps, b o t h  those  based on  gamma-ray 
spec t roscopy  and on r e f l e c t a n c e  measurements, have i n s u f f i c i e n t  r e s o l u t i o n  from 
t h e  s t a n d p o i n t  o f  s i t e  s e l e c t i o n .  A l l  remote sens ing  maps show l a r g e  a reas  o f  
i n t e r m e d i a t e - T i  r e g o l i t h ,  b u t  no  such r e g o l i t h  has y e t  been sampled. Ash depo- 
s i t s  a r e  e x t e n s i v e  i n  t h e  Rima Bode and S u l p i c i u s  G a l l u s  r e g i o n s  o f  t h e  l u n a r  
n e a r s i d e  (291, and i t  i s  p o s s i b l e  t h a t  b l a c k  ash o f  h i g h  T i 0 2  c o n t e n t  c o n t a i n s  
s i g n i f i c a n t  amounts o f  h e l i u m .  However, n o t h i n g  i s  known o f  i t s  h e l i u m  c o n t e n t  
i n  a reas  where i t  must have been gardened and exposed t o  t h e  s o l a r  w ind  f o r  
l o n g  p e r i o d s  o f  t i m e .  These a r e  s e r i o u s  d e f i c i e n c i e s  i n  p r e s e n t  i n f o r m a t i o n .  
A s  a p r e l u d e  t o  h e l i u m  m i n i n g  t h e y  must be remedied by  s y s t e m a t i c  e x p l o r a t i o n  
and samp l ing  o f  mare r e g o l i t h s .  Such work shou ld  have a h i g h  p r i o r i t y  in 
f u t u r e  l u n a r  m i s s i o n s .  
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RELATION BETWEEN HELIUM CONTENTS AND TI Oz 
CONTENTS OF LUNAR REQOLITH SAMPLES 
o Somplo of hlghland rogollth 
Somplo of mar. rogollth 
A v  Avorag. of raportod voluoa 
Figure 1. Data from reference8 3 ,  4, 5 ,  6 ,  7, 8, 9 ,  10, 
11, 1, 13, 14, 19, 16, 17, 19, 20, 22, 23, 25, 26, 29. 
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Figure 2. Map of  the  titanium content of the lunar 
r e g o l i t h  covering nears ide  regions overflown by 
Apollo 15 and 16. FromMetzger and Parker (33).  
n o m  
Figure 3. 
T i O q  
groups. From B a s a l t i c  Volcanism (1). 
Color group8 of mare rego l i th8  and 




w + n r w i t h  
Figure 4. 
Baaed on map of lunar nearside by Wilhelmr 
(29, P1. 4A). 
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REQulRED MlNlNG AREA IN SQUARE KILOMETERS 
Figure 5.  Rcouird mining .read of lunar 
r e g o l i t h ,  2015 to 2050, assuming a mining depth 
of 3 m and an average of 30 wppm helium. 
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G R A I N  S I Z E  IN MICROMETERS 
Figure 6. 
i n  r e l a t i o n  to gra in  s i z e  i n  A p o l l o  
11 r e g o l i t h  sample 10084. Based on 
Data from Criswell and Waldron (4) 
and Hintenberger e t .  al. (10). 
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